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Abstract
Ultra-short laser pulse interaction with materials has received much attention from
researchers in micro- and nanomachining, especially for the generation of nanoparti‐
cles  in  liquid  environments,  because  of  the  straightforward  method  and  direct
application for organic solvents. In addition, the colloidal nanoparticles produced by
laser  ablation  have  very  high purity—they are  free  from surfactants  and reaction
products or by-products. In this chapter, nanosecond, picosecond and femtosecond
laser pulse durations are compared in laser material processing. Due to the unique
properties of the short and ultra-short laser pulse durations in material processing, they
are more apparent in the production of precision material processing and generation of
nanoparticles in liquid environments.
Keywords: lasers, laser ablation, nanoparticles, pulse duration, nanosecond lasers, pi‐
cosecond lasers, femtosecond lasers
1. Introduction
Different laser pulse regimes (nanosecond, picosecond and femtosecond) were used not only
to generate nanoparticles but also to manipulate them. Different laser wavelengths were selected
to reduce the size of the nanoparticles and change their morphology. The study in this filed
focuses on using different laser types and parameters to generate and manipulate of micro- and
nanomaterials. Researchers have used different types of lasers not only to produce new materials
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but also for precise micro- and nanomachining. Generating lasers with short and ultra-short
pulse duration leads to high-precision laser processing. Lasers with pulse durations in the
femtosecond to picosecond range demonstrate a significant development in quality for different
materials in comparison with nanosecond or longer laser pulses [1]. In addition, using pulsed
lasers to produce nanoparticles in liquid environments is a promising alternative to chemical
methods for the production of totally ligand-free colloidal nanoparticles [2].
In general, for laser material processing, two different laser pulse duration regimes are used:
long pulse duration, such as nanosecond pulse duration, which generates quite a significant
heat-affected zone in the material because “the pulse duration is longer than the thermalisa‐
tion time of most metals” [3]. This type of laser is suitable for removing materials or ablation.
Short pulse duration (picosecond laser) and ultra-short pulse duration (femtosecond laser)
yield better results, suited to the production of high-precision micro- and nanomachining.
Typical laser pulse durations for precise laser material processing are 10 ps or less. It has been
shown that suitable laser pulse durations for the micromachining of copper and stainless steel
are in the range of 10–100 ps [3].
However, there is little evidence that researchers have approached the issue of lasers in
nanotechnology in terms of precise and controllable ablation and their ability to generate
nanoparticles from different materials. Consequently, the aim of this chapter is to provide an
overview of how different laser pulses can be used in laser-material interaction and the
production of nanoparticles.
Two important parameters used to describe lasers are their pulse duration (width) and pulse
repetition rate (PRR). As shown in Figure 1a, laser pulse duration can also be described as full-
width at half of the maximum (FWHM) amplitude of the laser pulse. Pulse repetition rate or
pulse repetition frequency refers to the number of pulses emitted per second. For 1 kHz of
PRR, the time period T would be 0.001 s (see Figure 1b).
Figure 1. Pulse width or pulse duration (a) and pulse repetition rate (b) of a laser.
Two further parameters of pulsed lasers, which are especially relevant for ultrafast lasers, are
the laser’s peak power (Ppeak), which is equal to the laser pulse energy divided by laser pulse
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duration (Ppeak = Ep/τ) and the average laser power, which is equivalent to the laser pulse energy
multiplied by the pulse repetition rate (Pave. = Ep×PRR) [4].
In this chapter, the author shows the effects of different laser pulse interactions (nanosecond,
picosecond and femtosecond lasers) with materials and the ablation of nanoparticles in a liquid
environment in terms of their size, size distribution, morphology and production rate
(productivity).
2. Pulsed laser ablation
Ultra-short laser pulse duration in the range of femtosecond laser pulses and a few picosec‐
onds can be used to produce high-quality and precise material processing. Ultra-short pulse
duration can only interact with electrons but longer pulse duration interacts with lattice. It is
worth mentioning that during the interaction of an ultra-short laser pulse with materials, heat
conduction is limited [5]. As a result of this, the material will be ablated within a spatial or
well-defined area with minimised mechanical and thermal damage of the ablated area on the
target. In contrast, longer (nanosecond) pulse duration irradiation on the materials leads to
continuously heating the target material. The laser pulse energy will then be spread by heat
conduction to an area outside the laser spot size, causing the irradiated target to boil and
evaporate. Boiling and evaporation of the target material leads to the production of an
uncontrollable melt layer [6]. In the case of nanosecond laser pulse duration, this problem may
be caused by imprecise machining or marking.
There is existing research on laser-material interaction [6–8]; however, these show how
differently pulsed lasers can be used for material processing, especially in nanotechnology.
Furthermore, there are relevant findings concerning laser ablation of nanoparticles in liquid
environments [9–12], and they are somewhat showing the effects of different laser pulse
durations on the ablation of nanoparticles. Even most previous research on laser-material
interaction and laser-generated nanoparticles tends to highlight laser beam parameters and
experimental setups to produce small and well-distributed nanoparticles and to precision
material processing, there is little emphasis on the optimal laser parameters to apply in laser
material processing. Moreover, little attention has been given to the conceptualisation of the
structure and phase of the nanoparticles produced by laser ablation in a liquid solution.
Consequently, an understanding of the optimal pulse regime for these applications is critical
in order to support and enhance the performance of laser material processing in nanotechnol‐
ogy.
3. Laser-material interaction at different laser pulse durations
Laser ablation of the materials starts with photon absorption, followed by the heating and
photoionisation of the subjected area on the target by the laser beam. Subsequently, the ablated
materials released from the target surface as solid fragments, vapours, liquid drops or as an
expanding plasma plume. The amount of ablated material and phase depends on the absor‐
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bed energy by the target material [13]. After laser-material interaction with short pulses and
low intensity, due to the inverse Bremsstrahlung, the laser beam energy will be absorbed by
free electrons from the material followed by thermalisation within the electrons, and energy
transfer to the lattice. Finally, energy will be lost due to electron heat transfer to the target
material. The energy transfer from the laser beam to the target material can be described
using 1D and 2D diffusion models when this is considered rapid thermalisation in the electron
subsystem and if both lattice and electron subsystems are characterised by their tempera‐
tures (Ti lattice temperature and Te electron temperature) [5]:
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where Q(z) is the heat flux along the z-axis perpendicular to the target material surface, S is
the laser heating source, I(t) is the laser intensity as a function of time, A is the surface
transmissivity (A = 1 − R), R is the reflectivity of the target material, α is the absorption
coefficient of the target material, Ce is the heat capacity of the electrons per unit volume, Ci is
the lattice heat capacity per unit volume, γ is the parameter characterising the electron-lattice
coupling, and ke is the thermal conductivity of the electrons. Two non-linear differential Eqs.
(1) and (2) are used to model the cooling dynamics for Te and Ti, which account for the electron-
phonon coupling and thermal conductivity of the sample material [14]. In addition, these
equations can be used to model the time evolution of the electron and lattice temperatures, Te
and Ti [15]. Eqs. (1)–(4) can be written as:
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The lattice heat capacity (Ci) is considerably higher than the electronic heat capacity (Ce); in
this case, the electrons have a very high temperature. When the Fermi energy is higher than
the electron energy, the non-equilibrium thermal conductivity and heat capacity of the electron
can be written as ke = ko (Ti).Te/Ti and Ce = C′eTe, respectively, where ko(Ti) is the conventional
equilibrium thermal conductivity of a material and C′e is a constant. In Eq. (5), a thermal
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conductivity in the lattice subsystem (phonon component) is neglected, and it has three
characteristic timescales; τe is the electron cooling time (τe = Ce/γ), τi is the lattice heating time (τe
<< τi) (τi = Ci/γ), and τL is the laser pulse duration. In laser-material interaction, these parame‐
ters define three different interaction regimes: nanosecond, picosecond and femtosecond [5].
Zimmer [16] proposed a model for the analytical solution of the laser-induced temperature
distribution across internal solid-liquid interfaces (see Figure 2a). It was shown that high solid
surface temperature can be obtained with short laser pulse durations, sufficient interface
absorption and high absorption liquids. As shown in Figure 2b, in the case of using a
nanosecond laser (20 ns), the temperature of the liquid environment is quite higher than that
of the transparent solid material.
Figure 2. Diagram showing laser heating of a solid-liquid interface. IL is the laser absorption, T is the temperature dis‐
tribution in both materials, and JI is the heat conduction across the interface [16].
3.1. Nanosecond laser
It was shown that the laser pulse duration has an effect on both the material ablation thresh‐
olds and penetration depths. Long pulse duration or increasing laser pulse duration increas‐
es the threshold fluence and decreases the effective energy penetration depth [1]. Low-intensity
long laser pulse interaction with a target material firstly heats the surface of the target due to
the absorbed energy, which leads to melting and vaporisation. It should be noted that
vaporisation of the target requires much more energy than melting. “In case of low laser
intensities the created vapour remains transparent for the laser radiation”. The electron and
lattice (ion) temperatures are equal (Te = Ti = T) [6]. In other words, if the laser pulse duration
is long in comparison with the electron-phonon energy-transfer time (τL >> τi), the electrons
and lattice temperatures will remain at the same thermal equilibrium point (Te = Ti = T) [5, 17];
as such, Eq. (5) reduces to the heat equation:
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In nanosecond laser beam interaction with material, the surface of the target material will be
heated to melting point and then to vaporisation temperature. During the laser-material
interaction, energy will be lost as heat conduction into the target material; the heat penetra‐
tion depth (l) is given by l ~ (Dt)1/2, where D is the heat diffusion coefficient and is given by
(D = ko/Ci). It can be noted that for this regime of lasers, the condition DτLα2 >> 1 is fulfilled, for
example the thermal penetration depth is quite larger than the optical penetration depth [18].
The energy deposited in the target material per unit mass is given by Em ~ Iαt/pl; at a specific
time (t = tth), this energy becomes higher than the specific heat of evaporation Ω, at which point
considerable evaporation will occur. When Em ~ Ω, the results are tth ~ D(Ωρ/I)2. Consequent‐
ly, for strong evaporation conditions, Em > Ω or τL > fth can be written for laser intensity as [5, 6]:
1/2
1/2
Ω~th
L
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and for laser fluence as:
1/2 1/2~th LF F Dr t> W ´ (8)
The threshold laser fluence increases as τL1/2. In nanosecond laser ablation regimes, there is
enough time for thermal waves to propagate into the target material and to create a relative‐
ly large layer of melted material target [5, 6]. Nanosecond laser pulses can ablate the target
materials even at low laser intensities in both the vapour and liquid phases, so a recoil pressure
that expels the liquid will be created due to the vaporisation process [6]. Evaporation occur‐
rence makes challenge to precise laser processing with nanosecond laser pulses [18].
At long laser pulse duration, interaction with materials usually fulfils the condition Lth >> α−1,
Lth being the heat-penetration depth which is given by Lth ≈ (2Dτp)1/2, where D = k/ρc, D is the
heat-diffusion coefficient. So, long laser pulse duration creates sufficient time for thermal
waves to propagate within the target material, and the absorbed energy will be stored in a
layer with a thickness of about Lth. In this case, the target material needs much more energy to
vaporise than to melt; in other words, evaporation will occur, while the energy absorbed per
unit volume into the vaporised layer becomes higher than the latent heat of evaporation per
unit volume, namely [19].
( )L thA F Fz Lu ur
-D » (9)
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where Fth is the laser fluence threshold which represents the minimum energy above which
appreciable evaporation occurs from liquid metals. This figure is approximately given by the
energy required to melt a surface layer of the target material of the order of Lth [19]:
m th
th
c T LF A
r D» (10)
where ΔTm = Tm − To and Tm and To are the melting and initial target temperature, respectively.
3.2. Picosecond laser
At low-intensity, short laser pulse interactions with a target material, due to the inverse
Bremsstrahlung most of the laser energy will be absorbed by the free electrons of the target.
This result can be described by the difference between the electron and lattice temperatures
(Te > Ti) in a transient nano-equilibrium state. In spite of a small energy exchange between the
lattice and the electron heat conduction, the electrons are cooled [6]. For picosecond laser
ablation, time t is much greater than τe (t >> τe), which is equivalent to CeTe/t << γTe. In addition,
when the condition τe << τL << τi is fulfilled, Eq. (1) becomes quasi-stationary for the electron
temperature [5]. In other words, when the laser pulse duration is shorter than the electron-
phonon energy-transfer time, then the electron and lattice have different temperatures,
meaning that they will be in a non-thermal equilibrium state. In this case, Eq. (5) becomes the
following equations [5, 17]:
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This method represents the lattice temperature in integral from. The above equations de‐
scribe heating of metal targets by the laser pulses when the laser pulse duration τL >> τe. By
neglecting To and when t << τi, because of the quasi-stationary character of the electron
temperature, Eq. (12) can be reduced as follows [5, 18]:
1 i
t
i e e
i
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; ; (13)
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It can be noted from the last equation that during picosecond laser ablation, the lattice
temperature remains notably lower than the electron temperature, and thus, the lattice
temperature in Eq. (11) can be neglected.
When keTeα 2≪γTe, from Eqs. (11) and (13), it can be concluded that the electron cooling is due
to an exchange of energy with the lattice of the material target. Finally, both the lattice and
electron temperature at the end of the laser pulse can be expressed by the following equa‐
tion [5]:
( ) ( )- -; ;z ze i
i
I FT e and T eC
a aa aa a
g (14)
It can be noted that when the condition τe << τL is fulfilled, at the end of the pulse, both lattice
temperature and attainable lattice temperature are approximately equal.
3.3. Femtosecond laser
For femtosecond lasers, if the laser pulse duration τL is assumed to be shorter than the electron
cooling time τe. (τL << τe.) and when t << τe, it is equivalent to CeTe / t≫γTe. In this case, the
electron-lattice coupling can be neglected and Eq. (1) can be solved easily. When DeτL < α2
(where De = ke/Ce is the electron thermal diffusivity) is fulfilled, to simplify the solution of the
equation, the electron heat conduction term can be neglected. Thus, Eq. (1) can be written as [5]:
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where I(t) = Io is assumed constant, and Iα = Io A, and To = Te (0) refer to the initial temperature.
It has been shown that heat conduction of the target material can be neglected at the very short
timescales of picosecond and femtosecond laser pulse durations; thus the target temperature
at the end of the pulse within the target material can be given by [19].
( ) ( ), zL AFT z ec aa
at r
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where Fα = IoτL  is the laser pulse fluence, and τL  is the laser pulse duration.
High Energy and Short Pulse Lasers312
The evolution of the electron temperature (Te) and lattice temperatures (Ti) after the laser pulse
is described by Eq. (5) with S = 0. In addition, the electron temperature and lattice tempera‐
ture initial conditions are given by Eq. (17) and Ti = To. Due to the energy transfer to the lattice
and heat conduction of the bulk material, the electrons are rapidly cooled after the laser pulse.
Since the electron cooling time is quite short, then Eq. (2) can be written as T i≃Te(τL )t / τi. It
should be noted that the initial lattice temperature is neglected here. On the other hand, the
attainable lattice temperature is determined by the average cooling time of the electrons
τeα =Ce` Te(τL ) / 2γ and is given by the following equation [5]:
( ) `2 ( )2 zei e L i i
C FT T eC C
aaat -; ; (18)
Fann et al. [20] and Wang et al. [14] have shown that the time scale for significant energy
transfer and fast electron cooling is about 1 ps. In the case of CiTi >> ρΩ, where ρ is the density
and Ω is the specific heat of evaporation per unit mass, considerable evaporation will occur.
From Eq. (18), the conditions for strong evaporation can be given in the form:
( )z
thF F e aa ³ (19)
where Fth = ρΩ/α is the threshold fluence laser evaporation by femtosecond laser pulses. Then,
the ablation depth per laser pulse (or ablation rate) L can be written as [5, 21]:
1 ln( )
th
FL F
aa -; (20)
The logarithmic dependence of the ablation depth on the laser pulse fluence is well known for
the laser ablation of organic polymers and metal targets with femtosecond pulse duration [5].
It can be noted that Eqs. (14) and (18) give the same expressions for the lattice temperature in
both picosecond and femtosecond laser regimes. Therefore, the condition for strong evapora‐
tion given by (19), the fluence threshold and the ablation depth per pulse given by (20) remain
unchanged [5, 18]. Thus, in the picosecond laser range, it is possible that logarithmic depend‐
ence of the ablation depth on the fluence exists. Here, electron heat conduction inside the target
material is neglected. In this case, laser ablation is accompanied by the electron heat conduc‐
tion and production of a melted area in the target material. Even evaporation can be consid‐
ered as a direct solid-vapour transition process, whereby the existence of a liquid phase in the
target material reduces the precision of laser material processing. Femtosecond laser abla‐
tion effects a direct solid-vapour transition due to the short timescales in this laser regime; as
a result of this, the lattice is heated on a picosecond timescale, leading to the production of
vapour and plasma phases followed by a rapid expansion in vacuum. Here, in a first approx‐
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imation, thermal conduction into the target material can be neglected during all of the
aforementioned processes. Due to the advanced properties of picosecond laser ablation, highly
precise and pure laser material processing can be achieved, as has been experimentally
demonstrated by Chichkov et al. [5].
4. Comparison of different pulse durations for the ablation of materials and
production of nanoparticles
A comparison of the characteristics of nano-, pico- and femtosecond lasers produced nano‐
particles and materials processing have been studied [5, 22]. Even the comparison is not a like-
for-like; the experimental work should be assumed as a fare comparison between these types
of commercial lasers operating at their usual operating conditions [22]. Nanosecond laser
ablation of materials occurs due to “melt expulsion driven by the vapour pressure and the
recoil pressure of light”. The melted material will solidify again because of the instability of
this process, in which the fluid phase dynamics and the driving vapour conditions are very
complex. As a result of this, the ablated area on the surface of the material target is not precise
and uniform in comparison with that produced by a femtosecond laser (see Figure 3).
Furthermore, nanosecond laser ablation creates a heat-affected zone (HAZ) [4]. It was shown
that the HAZ of Al sample for the nanosecond laser ablation was about 40 mm wide, where‐
as for the femtosecond laser there was not observable because it was <2 mm wide [23].
Figure 3. Laser material processing of a glass target by nanosecond laser (left) and femtosecond laser (right) ablation
[4].
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In the case of short (picosecond laser) and ultra-short laser pulses (femtosecond lasers), their
pulse duration (τ) is considerably shorter than the timescale required for energy transfer
between the lattice and the free electrons of the material target. As a result of this, very high
temperatures and pressures are produced at a very shallow depth in the range of microns.
Conversely, irradiated material is heated rapidly by pulsed laser and directly reaches the
vapour phase with high kinetic energy without passing through the melting point tempera‐
ture due to the absorbed energy. In other words, the material ablation will take place by
vaporisation without producing a recast layer on the ablated area. As shown in Figure 3, the
ablated area is very precise and smooth without forming any observable heat-affected zone
(HAZ) [4]. The target materials with a high thermal conductivity are very important for the
femtosecond laser ablation process because of the stable properties and chemical composi‐
tion of the area ablated with femtosecond laser ablation [24].
For ultrafast lasers, laser beam energy deposition happens on a timescale that is quite short in
comparison with atomic relaxation processes. After the laser energy is absorbed by the
electrons, cold ions will be produced, leading to the occurrence of thermalisation at the end of
the laser pulse. In addition, the femtosecond laser intensity is quite high and is sufficient to
drive highly non-linear absorption processes in the target materials which the laser wave‐
length cannot absorb. At these high intensities, multi-photon ionisation becomes considera‐
bly strong [4]. Because of the very high flux of the femtosecond laser photons, several photons
collide and become bound electrons; this is multi-photon ionisation. When the amount of total
photon energies absorbed is higher than the ionisation potential, the bound electrons will
absorb several photons. As a result, the bound electrons become free from the valence band.
The multi-photon ionisation process is higher at very high laser intensities. When the laser
intensity (photon flux) is above 1013 W/cm2, multi-photon ionisation becomes very strong and
seed electrons are not required to initialise ionisation in high-energy band gap materials or
wide band gap materials (see Figure 4a) [4].
Figure 4. Non-linear ionisation processes of multi-photon absorption (a) and avalanche ionisation (b).
If the kinetic energy of the free electron is very high, some of the energy might be transfer‐
red to a bound electron in the target material by collision, thus overcoming the ionisation
potential and generating two free electrons; this process is known as (collisional) impact
ionisation. Thus, more free electrons will be produced from the bound electrons after the free
electrons have absorbed photons. This is called avalanche ionisation, in which free electron
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density exponentially increases. It is worth mentioning that avalanche ionisation is highly
dependent upon free electron density. Energy loss by phonon emission and energy gain by
inverse Bremsstrahlung competition indicate the efficiency of this process. It is responsible for
the high-energy gap transition materials at laser intensities below 1012 W/cm2 (see Figure 4b)
[4]. For femtosecond lasers, avalanche ionisation plays an essential role in the optical break‐
down. Briefly, avalanche ionisation produces a macroscopic breakdown of the target materi‐
als and multi-photon ionisation produces seed electrons at a critical density of about 1020 cm
−3 [25].
The amount of material removed during laser ablation depends on the amount of energy
absorbed by the bulk material target. The dissipation of the absorbed laser energy will usually
occur after the laser pulse duration. There are two major mechanisms to explain material
removal by laser ablation: thermal vaporisation, where the local temperature increases to
above the vaporisation point due to the electron-phonon collisions, and the occurrence of a
Coulomb explosion, where the bulk materials release the excited electrons and produce a
relatively strong electric field which revokes the ions inside the impact area [4, 26]. Accord‐
ing to these mechanisms, femtosecond laser material removal can be classified in two ways:
the first is “strong ablation dominated by thermal vaporisation at intensities significantly
higher than the ablation threshold” and the second is “gentle ablation governed by the
Coulomb explosion near the ablation threshold” [4]. As shown in Figure 5, the long-pulse
lasers have more heat-affected zones and shock waves in comparison with the shorter
picosecond and femtosecond lasers. The main differences between them are due to the
mechanism or the basic principles of laser-induced target material removal processes [27].
Figure 5. Long-pulse and ultrafast-pulse laser interaction with target material [27].
Laser pulse duration is an important parameter in the laser ablation process. There are quite
large differences between the long pulse duration (nanosecond laser) and ultra-short laser
pulse duration (femtosecond laser) for the ablation of materials [26]. As shown in Figure 6,
during nanosecond laser ablation, plasma will be produced during the laser pulse, but during
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femtosecond laser ablation, it will be produced after the laser pulse has ended. During
nanosecond laser ablation, plasma is a part of the pulse duration, so the pulse serves to reheat
the plasma. This leads to higher persistence of the plasma for nanosecond laser ablation than
for femtosecond laser ablation [26].
Figure 6. Approximate timescale comparison of pulsed laser energy absorption and ablation, along with the various
processes, for nanosecond laser (10 ns) and femtosecond laser (50 fs) ablation in an ambient gas.
As shown in the schematic diagram in Figure 7, Lescoute et al. [28] showed that during
subpicosecond laser ablation three phases occur behind the shock: liquid, vapour and plasma.
The shock waves produced can compress the solid target material. The plasma plume effect is
more predominant in picosecond laser ablation than in femtosecond laser ablation [22]. In
general, laser-plasma interaction during laser-material ablation is strongly dependent on laser
wavelength and the excitation wavelength is a very important parameter in nanosecond laser
ablation, as in femtosecond laser ablation. The production of nanoparticles through plasma
plume condensation occurs in the microsecond-millisecond timescales.
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Figure 7. Schematic diagram of ablated matter depicted in an ultra-short, that is subpicosecond, laser-material interac‐
tion.
Another advantage of the femtosecond laser is its short timescale which prevents the materi‐
al target from being heated; this leads to a reduction in the thermal effects in comparison with
the nanosecond laser ablation. The duration of the energy transfer process from electron to
ion (τei) is approximately 1–10 s of a picosecond; this is in the same order as the heat conduc‐
tion time (τheat). In an ideal femtosecond laser ablation case, this is considerably longer than the
laser pulse duration (tp). (τei ~ τheat >> tp) [26]. This will depend on the type of material sample.
Femtosecond laser energy transfer in the material for ablation will occur through energy
absorption by electrons, leading to ionisation and then redistribution of the laser energy to the
lattice. Ionisation is either produced by multi-photon ionisation or collisional impact. These
processes can be labelled multi-photon ionisation (MPI) and collisional impact ionisation (CII)
[26]. Multi-photon ionisation (MPI) occurs when multiple photons provide sufficient energy
to the electrons in the valance band; as a result, the electrons are free to reach metastable
quantum states by excitation. Collisional impact ionisation (CII) will take place when bound
electrons gain energy from free electrons by collision; as a result, the bound electrons will be
released.
As shown in Figure 8, when a single high fluence fs laser pulse is incident onto a material, the
timescale of the physical phenomena involved in laser-material interaction can take place as
follows: after 1 fs, photo-ionisation, such as multi-photon absorption and/or tunnelling
ionisation, will occur; after 50 fs, avalanche ionisation will occur; and after 100 fs, thermalisa‐
tion of the electrons of the metal target will take place. Longer laser pulse durations lead to
more physical phenomena; after 1 ps, energy transformation from electron to lattice will result,
then after 10 ps, some thermodynamic processes such as thermal diffusion, fusion and
explosion will occur. In much longer laser pulses, after 1 ns, photochemical processes such as
chemical reactions and phase transformation will take place [29].
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Figure 8. Occurrence of different physical phenomena during different timescales involved in laser-material interac‐
tion.
Different types of nanoparticles have been produced by nanosecond [30, 31], picosecond [32,
33] and femtosecond [28, 34, 35] lasers in different liquid environments, vacuum and gas
media. A physical aspect of laser ablation in liquid environments is the liquid breakdown
phenomena; it has been shown that the conversion efficiency of the radiation energy to a
cavitation bubble during radiation focusing of different wavelengths in water is much lower
for femtosecond lasers (at 100 fs, efficiency 1–2%) than for nanosecond lasers (at 76 ns,
efficiency 22–25%). Femtosecond lasers (120 fs and 800 nm) can produce controllable size and
size distribution of nanoparticles, while nanosecond laser produces relatively large, quite
widely dispersed particles [36].
The generation of large nanoparticles in a liquid environment by nanosecond laser pulse
durations and longer is due to the essential target material melting and laser pulse interac‐
tion with the cavitation bubbles that are then produced in the liquid environment [37]. The
long pulse duration is sufficient to allow photon coupling with both the electronic and
vibrational modes of the sample material. This case will be more predominant when the target
material has low reflectivity at the laser wavelength, a large absorption coefficient, a low
thermal diffusion coefficient and a low boiling point [38]. Long pulse duration heats the target
material continually during the pulse duration. This causes the target material to start boiling
and subsequently leads to evaporation, which produces a considerable melt layer. As a result,
heat will be transferred to the target that prevents the production of very small structures and
small nanoparticles. In nanosecond laser ablation, the laser power heats the target material to
melting point and then vaporisation temperature; as such, this process can be considered an
indirect solid-vapour transition but a solid-melt-vapour transition [19]. Nanosecond laser
ablation ejects an ablation plume which creates a shielding on the surface of the material target,
leading to a reduction in the laser power induced to the target. Chemistry material respons‐
es, cumulative changes in the target material’s surface texture and morphology will occur due
to surface melting and a combination of ablation and thermally activated processes [7].
However, the generation of small nanoparticles by short laser pulse duration is due to
minimisation of both the thermal effects and the laser pulse interaction with the cavitation
bubble [37]. Here, thermal conduction of the target material can be neglected because of the
very short timescale and the heated area of the material being of the order of the laser
absorption length α−1, where α is the target material absorption coefficient [19]. At short and
ultra-short laser pulse durations, because the laser interacts with materials due to very quick
excitation of the electron distribution, electron-electron coupling leads to a rapid rise in the
electron temperature, followed by lattice heating “at a rate dependent upon the electron-
phonon coupling strength, and eventual vaporisation of the transiently heated target”.
Electronic contributions “can manifest themselves as unexpectedly large ion yields and/or
supra-thermal propagation velocities within the expanding plasma plume” [38]. At short and
ultra-short pulse durations, because the energy transfer from the electrons to the lattice
happens on a longer timescale than for the short or ultra-short pulses, the pulses do not heat
the target material continually. This limits the heat conduction within the target material and
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produces a superheated layer the size of the irradiated volume. This leads to ablation in a
specific area, resulting in minimal thermal damage. Both picosecond and femtosecond laser
ablation can be viewed as a direct solid-vapour transition [19].
At short and ultra-short laser pulse durations, the ablation threshold fluence of the target
materials decreases and becomes very sharply defined. In addition, the excess energy in the
target still can produce thermal effects on the ablation area after the pulse has ended.
Furthermore, at ultra-short laser pulse duration, the optical absorption depth reduces due to
an optical breakdown caused by the ultra-short laser pulse duration; this can also cause strong
absorption in otherwise transparent wide-energy band gap materials. Another advantage of
picosecond and femtosecond laser ablation is that they are “separated in time from material
response and ejection” [7]. In contrast, for laser production of nanoparticles in a liquid solution,
the picosecond laser performs better than the femtosecond laser [37]. It can be seen that only
the femtosecond laser avoided the laser-bubble interaction [22].
The size and the morphology of the nanoparticles depend on the laser pulse duration, such as
whether a nano-, pico- and femtosecond laser regime is being used and the nature of the target
material [39]. Hamad et al. [22] showed that the picosecond laser (10 ps and 1064 nm wave‐
length) produced more spherical silver nanoparticles than those produced by both nanosec‐
ond (5 ns and 532 nm wavelength) and femtosecond (100 fs and 800 nm wavelength) lasers.
Under the same conditions, smaller gold nanoparticles were produced in comparison with the
silver and titania, with the latter being the largest. It was also concluded that the average size
of the nanoparticles was smaller for the shorter wavelength (532 nm) nanosecond laser in
relation to picosecond and femtosecond lasers, showing that the role of the laser wavelength
is more significant than the laser pulse duration to control the size of the nanoparticles. It is
worth mentioning that some silver nanoparticles produced by nanosecond laser have
irregular (non-spherical) shapes. Dudoitis et al. [40] showed that the specific nanosecond and
picosecond laser parameters can be used to produce controllable particle size distribution of
nickel and aluminium in argon gas.
Lescoute et al. [28] observed two groups of particles of two different sizes after femtosecond
laser ablation caused by the temperature achieved in the plasma plume: these could be
classified into micrometer-size fragments and nanometre-size particles for temperatures lower
than the critical temperature and for higher temperatures, respectively. Kabashin and
Meunier [34] used femtosecond laser ablation to produce Au nanoparticles in deionised water.
The researchers observed two different groups of nanoparticles: the small (about 3–10 nm) and
monodispersed particles were produced due to a mechanism which, “associated with thermal-
free femtosecond ablation, manifests itself at relatively low laser fluences F, 400 J/cm2”. The
second group of particles was of a larger size and a broad size distribution, produced due to
plasma-induced heating and ablation that occurs at high laser fluencies. Itina [41] showed that
the ultra-short laser pulses produce small nanoparticles and a stable size distribution at
optimal experimental parameters. This is because while using short and ultra-short laser pulse
duration, laser radiation will not be absorbed by created plasma plume. This leads to trans‐
fer much more energy into the target material during very short time. Finally, the target ejected
the cluster precursors directly to the liquid solution and the plasma plume is confined to a
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smaller volume. Chakravarty et al. [42] concluded that the smaller size of silver and copper
nanoparticles can be produced by ultra-short laser pulse duration in comparison with the
subnanosecond laser pulse duration. It was shown that broader surface plasmon resonance
(SPR) and smaller reflection/transmission of silver and copper nanoparticles deposited by
femtosecond laser in comparison with those deposited by subnanosecond laser indicating
smaller size particle generation by ultra-short pulse durations. In contrast, Hubenthal et al. [43]
concluded that the tailoring the size and shape of nanoparticles with nanosecond pulsed laser
is more achieved in comparison with both continuous wave (CW) and femtosecond pulsed
lasers.
5. Conclusions
Pulsed laser ablation for material processing and production of nanoparticles in liquid
environments have been used due to the unique properties of the laser beam in marking and
machining materials. There is a lack of knowledge of the optimal laser beam parameters in this
field, as different laser pulse durations respond differently to different materials. A critical
comparison of different laser pulse durations in micro- and nanomaterial processing was
therefore sought in order to obtain higher quality and productivity. Femtosecond and
picosecond lasers were found to be superior to the nanosecond laser for precision material
processing. In addition, in spite of the short and ultra-short duration of their laser pulses, these
lasers were observed to be more effective for the production of nanoparticles than those with
longer pulse durations. Finally, laser wavelength was found to play significant role in the
production of nanoparticles. The advantages of femtosecond laser ablation for micro- and
nanotechnology are due to non-thermal interaction with solid target materials.
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